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1. INTRODUCTION 
 
The discovery of superconductivity coexisting with weak ferromagnetism in a class of 
ruthenium-based high-TC compounds has initiated intensive experimental and theoretical 
investigations in recent years. Bauernfeind et al. [1] reported the first synthesis of 
RuSr2LnCu2O8 (Ru-1212) and RuSr2(Ln1+xCe1-x)Cu2O10 (Ru-1222), with Ln=Sm, Eu, and Gd, 
and the appearance of superconductivity below 45 K in the latter compound for 0.3 ≤ x ≤ 0.5. 
A drop of resistivity, a possible indication of a superconducting transition, was also observed 
in Ru-1212, but no shielding signal could be detected by the ac susceptibility measurements 
[1]. The superconductivity in Ru-1222 was independently confirmed by Ono [2] who 
attributed a strong magnetic signal below 100 K in RuSr2Sm1.2Ce0.8Cu2O10 to secondary 
magnetic phases. The coexistence of weak ferromagnetism and superconductivity was first 
proposed by Felner et al. in RuSr2R1.4Ce0.6Cu2O10 [3]. It is of particular interest that in these 
compounds the magnetic transition temperature, Tm, is far higher than the superconducting Tc 
which makes this a unique class of materials as compared to some intermetallic compounds 
(e.g. RRh4B4, RMo6S8, RNi2B2C) known as magnetic superconductors with Tm < Tc. Whereas 
the signature of superconductivity in Ru-1222 appears to be clear the situation in Ru-1212 is 
more complicated. The published data for this material spread from samples without any 
diamagnetic signal in the susceptibility [4], through samples showing zero-resistance and 
zero-field cooled (ZFC) diamagnetic signal but not field cooled (FC) Meissner signal in the 
magnetic susceptibility [5-8], and eventually samples with a large FC diamagnetic signal [9]. 
Although most of the Ru-1212 materials synthesized in different laboratories are chemically 
and structurally comparable it was shown that the superconducting properties are extremely 
sensitive to tiny details of sample synthesis and annealing procedures [1, 8]. This may explain 
some of the contradictory results reported in the literature. 
Despite extensive research the magnetic as well as the superconducting orders are far from 
being understood. In particular, the coexistence of both order parameters and how they 
accommodate each other is still a matter of controversial discussions. In conventional s-wave 
superconductors the Cooper pairs are easily broken by local magnetic moments and 
superconductivity is completely suppressed by the presence of as little as 1 % magnetic 
impurities [10]. This pair breaking mechanism may be less effective if the crystallographic 
site of the magnetic ion is well isolated from the conduction path, weakening the interaction 
between the local magnetic moment and the Cooper pairs. This “spatial” separation of 
magnetic moments and conduction electrons obviously explains the observed coexistence of 
antiferromagnetism (AFM) (TN<TC) and superconductivity in ternary intermetallic 
compounds [11] and borocarbide systems [12]. The competition between the pair breaking 
magnetic forces and the superconductivity may even lead to exotic effects like the resistive 
reentrant behavior observed at zero field in HoNi2B2C [12]. In the rutheno-cuprates the Ru 
ions are also well separated from the CuO2 planes where Cooper pairs are formed. However, 
the major difference to the aforementioned intermetallic compounds is that a more-or-less 
homogeneous ferromagnetic (FM) order parameter was suggested by dc magnetic 
susceptibility measurements over a broad temperature range (and far above Tc). This FM 
long-range order, if homogeneous on a microscopic scale, generates an internal magnetic field 
at the CuO2 planes that may break the Cooper pairs and destroy superconductivity if the 
internal field is larger than the critical field. In order to coexist with superconductivity, 
however, the FM order parameter should be non-uniform in a domain-like or spiral structure 
[13]. In fact, a spiral FM structure was found in ErRh4B4 [14] and a domain-like FM structure 
was observed in HoMo6S8 [15] and HoMo6Se8 [16], both coexisting with superconductivity. 
In these examples the magnetic ordering always develops in the superconducting phase, i.e. 
Tm<TC. For the superconducting ferromagnet RuSr2GdCu2O8 Pickett at al. [17] discussed 
various physical conditions under which superconductivity and ferromagnetism could coexist. 
They came to the conclusion that the major limiting mechanism for singlet superconductivity 
is the electronically mediated exchange field that splits the majority and minority Fermi 
surfaces and that the superconducting order parameter could develop a spatial variation with 
non-zero total momentum as described by Fulde-Ferrell-Larkin-Ovchinnikov type theories 
[18].  
Another interesting aspect in the coexistence of FM and superconductivity in type II 
superconductors is the possible formation of a “spontaneous vortex phase” (SVP) due to the 
interaction between the wave function of the Cooper pairs and the magnetic field [19-21]. If 
the internal magnetic field generated by the spontaneous FM order is smaller than the upper 
critical field (Hc2) but larger than the lower critical field (Hc1) of the superconducting state a 
vortex lattice state can be formed forcing the internal magnetic field to penetrate the 
superconductor as quantized flux lines. The formation of a SVP in RuSr2R1.5Ce0.5Cu2O10 (Ru-
1222) was proposed by Sonin and Felner [22] and various possible scenarios have been 
discussed in detail by Chu et al. [23]. Depending on the temperature dependence of the 
internal field, 4πM (M = magnetization), and the lower critical field, Hc1, the SVP may exist 
below TC to zero temperature or transform into a Meissner state at a temperature TMS<TC if 
Hc1 increases above 4πM. For Ru-1212 and Ru-1222 the FM transition sets in at far higher 
temperature than superconductivity (Tm>TC). At TC, according to the SVP model, the FM 
order parameter should survive and the long-range correlation between the magnetic moments 
of different RuO planes is established via the flux lattice penetrating the superconducting 
CuO2 layers. 
To better understand the complex interaction between magnetic and superconducting 
orders it is of particular interest to gather information about both the magnetic order (above 
and below TC) and the superconducting one. Most recent work to explore the magnetic 
structure was focused on the Ru-1212 compounds, RuSr2(Gd/Eu)Cu2O8. The internal 
magnetic field, 4πM, was probed by zero-field muon-spin rotation experiments above as well 
as below TC [24]. It was found that the FM order sets in at about 133 K in accordance with dc 
susceptibility measurements and that the FM order parameter was not altered significantly in 
passing into the superconducting phase. The zero-temperature internal field at the muon site 
was extrapolated to be about 700 G. However, neutron powder-diffraction experiments have 
revealed that the magnetic order is predominantly antiferromagnetic with antiparallel Ru 
moments in all three crystallographic directions (G-type AFM) [25-27]. The estimated 
magnetic moment, ≈ 1.18 µB, of the Ru ion along the c-axis is compatible with the low spin 
state of Ru4+, although NMR experiments on RuSr2YCu2O8 suggest that the Ru ion may be in 
a mixed valence state with 40 % Ru4+ (S=1) and 60 % Ru5+ (S=3/2) [28]. The net FM 
component of the order parameter was estimated to be not larger than 0.1 µB per Ru ion by 
NPD that is appreciably lower than the local magnetic moment of the Ru detected by NMR 
[25]. Based on the magnetic scattering experiments a canted arrangement of the AFM Ru 
moments with a small net FM moment perpendicular to the c-axis has been proposed [27]. 
Whereas superconductivity in the CuO2 planes may well coexist with the AFM ordered Ru 
moments the accommodation of a large FM component is still a puzzling issue. For the sister 
compound, Ru-1222, the exploration of the magnetic structure is far less advanced. 
Susceptibility measurements show several anomalies (at about 180 K and 90 K in 
RuSr2(Gd/Ce)2Cu2O10) indicating a more complex magnetic ordering in this compound [3]. 
Superconductivity appears below 45 K with a stronger diamagnetic signal in field cooling 
experiments than observed in the Ru-1212 system [29]. 
One of the most disputed questions about superconducting ferromagnets is whether the 
superconducting state is microscopically homogeneous. This discussion was sparked by the 
fact that the majority of the Ru-1212 and some of the Ru-1222 samples synthesized by 
different groups did not show a distinct diamagnetic signal in the field cooled susceptibility, 
i.e. the Meissner effect typical for a bulk superconductor [3, 7, 8, 24, 30-33]. Evidence for a 
large Meissner signal in RuSr2GdCu2O8 was later reported, but only under very low applied 
magnetic field and below a temperature TMS much smaller than the onset of superconductivity 
[9]. The data, therefore, was discussed in terms of a transition from SVP to the Meissner state 
[23]. Additional evidence for bulk superconductivity was derived from specific heat 
measurements [34, 35]. Tallon et al. [34] reported a specific heat anomaly at TC of 
RuSr2GdCu2O10 with an unusual magnetic field dependence – the peak of the electronic 
specific heat at TC shifted to higher temperature with increasing field. This atypical behavior 
for a superconducting phase transition was not confirmed by the data of Chen et al. [35]. The 
thermodynamic transition into the superconducting state, the nature of superconductivity, the 
details of the magnetic order above and below TC, and the mechanisms of coexistence of 
superconducting and FM order in the superconducting ferromagnets remain a matter of 
discussion. 
In this work we provide experimental evidence for the occurrence of phase separation in 
the magnetic phase of the Ru-1212 and Ru-1222 compounds. The predominantly AFM 
domains are separated by nanoscale FM domains. This explains both, the AFM order 
observed in neutron scattering experiments and the weak FM signal detected in the dc 
susceptibility measurements. The magnetic domains are of typical nanometer size and are 
formed within the grains of the material. The superconductivity then develops in the AFM 
domains that are coupled across the non-superconducting FM regions by the Josephson effect. 
The onset of the intra-grain superconductivity is explained as the phase-lock transition of an 
array of Josephson junctions. 
 
 
2. SYNTHESIS AND STRUCTURE 
 
Fig. 1: Synthesis and sintering process for RuSr2GdCu2O8. The upper line in the 
central box indicates the temperature and the lower line shows the duration 
of each step. 
 
The synthesis of Ru-1212 and Ru-1222 compounds proceeds via the solid-state reaction of 
the proper constituents. Since it was shown that the magnetic and, in particular, the 
superconducting properties strongly depend on the details of the synthesis and annealing 
procedures we review the basic steps in this paragraph. As an example, we describe the 
synthesis procedure of RuSr2GdCu2O8. Fig. 1 explains the details of the typical synthesis 
process as described e.g. in [1, 8]. The starting materials RuO2, Gd2O3, SrCO3, and CuO were 
first preheated at 600 – 800 °C for about 12 h. The powder with cation ratio Ru:Sr:Gd:Cu = 
1:2:1:2 was then mixed and calcined at 960 °C for 16 h followed by grinding, compacting and 
two or more sintering steps (each step 10-24 hours) at successively increasing temperature. 
The final steps include the long-term sintering (7 – 14 days) in oxygen atmosphere. The 
optimal temperature for this final procedure was estimated to about 1065 °C. After the 
calcination step the characteristic x-ray reflections for the 1212 phase are already visible in 
the powder diffraction spectra. Figure 2 shows two examples of x-ray spectra taken after the 
starting materials were calcined at 960 °C (spectrum A in Fig. 2) and at 1000 °C (spectrum C 
in Fig. 2). The dots indicate the reflections of the 1212 structure and the crosses show 
reflections of a secondary phase (identified as SrRuO3). With additional sintering steps the 
SrRuO3 phase disappears and the spectra B and D in Fig. 2 show the high phase purity of the 
final product, RuSr2GdCu2O8.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: X-ray spectra of two samples of RuSr2GdCu2O8 synthesized at 960 °C (A, 
B) and 1000 °C  (C, D). Spectra A and C were taken after the calcination 
step. B and D show the final spectra after long time sintering at 1065 °C. 
The reflections marked by a dot indicate the 1212 structure. The crosses 
show the presence of SrRuO3 after the starting materials were calcined. 
The synthesis of other superconducting ferromagnets, e.g. RuSr2EuCu2O8 [7] or 
RuSr2(Gd/Ce)2Cu2O10-δ [1, 2, 29], is very similar to the procedure described above. Preparing 
the Ru-1222 structure requires slightly higher temperatures with good results obtained if the 
final annealing was done at about 1090 °C [29] although the conditions reported from 
different groups vary slightly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The lattice structure of both Ru-1212 and Ru-1222 is schematically shown in Fig. 3. Both 
compounds crystallize in tetragonal symmetry with space groups P4/mmm (Ru-1212) and 
I4/mmm (Ru-1222), respectively [1, 2, 26, 36, 37]. The structure of Ru-1212 (Fig. 3 A) may 
be derived from the well-known lattice of YBa2Cu3O7-δ (YBCO) by the following 
replacement: Y ⇒ Gd, BaO layer ⇒ SrO layer, and CuO chains ⇒ RuO2 planes. In contrast 
to YBCO the RuO2 layers are fully occupied by oxygen resulting in a change of symmetry 
from orthorhombic (YBCO) to tetragonal (Ru-1212). The Ru ion is octahedrally coordinated 
and the RuO6 octahedra deviate from their ideal positions by a small rotation (about 13 °) 
around the c-axis and a slight tilting that reduces the Cu-O-Ru angle to 173 ° [36]. The c-axis 
lattice parameter (c=11.5731 Å) is about three times larger than the a-axis parameter 
(a=3.8348 Å). The almost perfect match of a=c/3 gives rise to the formation of mcirodomains, 
and the c-axis of adjacent domains may be aligned in different principal directions [26, 36]. 
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Fig. 3:   Lattice structure of   (A)  RuSr2GdCu2O8  (Ru-1212) and 
                                                (B)  RuSr2(Gd/Ce)2Cu2O10  (Ru-1222) 
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The Ru-1222 structure (Fig. 3 B) is derived from the Ru-1212 structure in replacing the 
Gd ion by a three-layer fluorite-type (Gd/Ce)2O2-block that causes a shift of the subsequent 
perovskite block along [110] direction and doubles the unit cell along the c-axis. The 
tetragonal lattice constants are of the order of a=3.85 Å and c=28.7 Å [1, 2]. The structure and 
lattice parameters have been confirmed and refined very recently and a tilt and rotation of the 
RuO6 octahedra similar to that discussed for Ru-1212 was reported [38]. 
 
 
3. MAGNETISM IN Ru-1212 AND Ru-1222 
  
There is still no common agreement on the magnetic structure of these rutheno-cuprates, 
although almost all possible probes, i.e. neutron powder diffraction (NPD) [16, 26, 39], 
nuclear magnetic resonance NMR (in particular, zero-field NMR, ZFNMR) [28, 40], 
macroscopic magnetizations [22, 41, 42], ferromagnetic resonance (FMR) [43], muon-spin 
rotation (µSR) [22], and Mössbauer spectroscopy (MS) [3], have been used. It is particularly 
striking that the observations of different probes often were interpreted as mutually exclusive 
structures when the results of the same technique merge remarkably well. This should be an 
indication that our interpretation may need to be modified, but most of the experimental data 
are valid. The issue is particularly important because it may decide how SC coexists with FM, 
as will be discussed in the next section. 
NPD typically is the most powerful tool in determining long-range average spin-structures 
of homogeneous magnets. The aligned magnetic moments interact with the magnetic dipole of 
neutrons, which leads to extra magnetic scattering on the top of the usual nuclear scatterings. 
For example, an AFM spin-order in a particular crystalline orientation may double the unit 
cell in that direction. Super-lattice like lines, therefore, appear with corresponding Miller 
indices. An FM ordering, on the other hand, alters the scattering amplitudes of neutrons by 
adding a magnetic contribution, which can be identified by the change of the line-intensities 
across Tm. The orientation of the ordered moments can be further extracted from intensity 
ratios of these magnetic lines based on the dipole interactions between neutrons and electrons. 
The data interpretation, therefore, is relatively straightforward and reliable for the average 
structure of localized moments. However, it has limitations. In particular, randomly dispersed 
short-range ordering can be missed due to the line-broadening caused by the uncertainty 
principle ∆Θ = h/kd, there h, k, and d are the Planck constant, the neutron momentum, and the 
spatial extension of the spin-order, respectively.  
In contrast, NMR is a local probe and sensitive to the nearest neighbor interactions, 
although its interpretation is more model-dependent. NMR essentially measures the rf 
transverse susceptibility of the chosen nucleus and allows an estimation of the hyperfine field 
there, typically caused by the induced wave-function deformation of the inner-shell electrons. 
Although the data might appear similar in both AFM and FM spin-orderings, it has been 
demonstrated that the two can be identified through both the signal-enhancement and the line-
shift by the external field [44]. On one hand, the external rf field acting on a nucleus will be 
enhanced by the coherent motion of the FM (or canted AFM) moment [28]. Simultaneously, 
the signal is suppressed by the exchange field in case of an AFM magnet or by the magnetic 
anisotropy field in case of a bulk FM magnet [44]. As the result the signal of FM magnets are 
much stronger. For example, the 375 MHz ZFNMR line of the FM clusters is fivefold 
stronger than the 290 MHz line of the AFM matrix in La0.35Ca0.65MnO3, although the volume 
fraction of the FM clusters is only 8%. On the other hand, the NMR line of an AFM magnet 
(with or without a small canting angle) will only be broadened without a significant shift by 
external fields, especially in ceramics with random grain orientations. This is in contrast with 
FM magnets, where a field-induced line-shift is noticeable with typical hyperfine fields 
around 10-100 T. It is therefore possible to distinguish between AFM- and FM-dominated 
spin-orders based on the field effects [44]. In addition, the orientation of the ordered moment 
can be extracted from the interference between the NMR and the quadrupole-splitting caused 
by the crystalline electric fields, which can be calculated [28, 40]. 
 It is almost impossible to extract the detailed magnetic structure from macroscopic 
magnetization measurements alone. However, it should serve as the decisive constraint, which 
all interpretations need to meet. This, for example, can be well demonstrated in the case of 
La0.35Ca0.65MnO3, where the magnetization shows two-step like drops around 275 K and 160 
K, respectively [45]. The two transitions were initially interpreted as charge-order and AFM 
transitions, respectively. The rather large low-T magnetization, M/H ≈ 0.01 emu/mole at 100 
K, further suggests that either a spin canting or the coexistence of FM species may occur 
below the AFM transition. A NPD investigation, however, observed no evidences for long-
range FM correlations [46]. Detailed ZFNMR data finally revealed that 8% of the compound 
should be in a FM state [44]. The small size of the FM species was used to justify the 
difference between the NPD and the ZFNMR data [44]. 
Similar contrasts are even more drastic in the rutheno-cuprates. Even in the relatively 
simple case of Ru-1212, where the spin alignment from both NPD and NMR seems to fit the 
mean-field theory rather well below a well-defined Tm ≈ 135 K, controversies still persist. 
Although a homogeneous spin-canted model was proposed to accommodate the G-type AFM 
structure suggested by the (1/2, 1/2, l/2) lines of NPD and the significant spontaneous moment 
(≈ 0.28 µB/Ru for Ru-1212-Gd at 5 K) derived from the macroscopic magnetization, both the 
spin orientation and the magnitude of FM components are controversial. By comparing the 
(00l) line intensities below and above Tm, three independent NPD investigations concluded 
that the possible FM component is < 0.3 and < 0.1 µB/Ru for Ru-1212-Gd and 0.34±0.1 µB/Ru 
for Ru-1212-Y at H = 0. Lynn et al. further suggested that the Ru contribution to the FM 
component at 80 K will be kept below 0.2 µB /Ru with H up to 7 T by subtracting the 
expected paramagnetic Gd contribution. These rather strict limits are even in disagreement 
with the macroscopic magnetizations. In fact, the spontaneous magnetization, Mr, of a 
ceramic Ru-1212-Gd sample was reported to be 800 emu/mole and corresponded to a FM 
component of 0.28 µB/Ru at 5 K and H = 0 after a geometric correction for the random 
distribution of the magnetic easy-axis, i.e. the orientation of the grains. This is noticeably 
larger than the upper limit of 0.1 µB/Ru at H = 0 by NPD on the sample from the same group. 
Although the FM-component at higher fields is masked by the paramagnetic contribution of 
Gd, it is not unreasonable to estimate the value by extrapolating the linear high-field 
magnetization to H = 0 since the paramagnetic part should be linear and the canted FM-
component of Ru may be more-or-less H-independent (as suggested by the NPD data above 1 
T). This extrapolated moment of the Ru-1212-Gd sample, ≈ 4000 emu/mole (0.6 µB/Ru) at 50 
K, however, is again several times higher than the upper limit set by the NPD data. It is 
interesting to note that the rather similar high-field magnetizations of Ru-1212-Gd and Ru-
1212-Eu, i.e. ≈ 4000-5000 emu/mole at 50 K and 5 T, suggest that the overall Gd contribution 
to the aligned moment should be relatively minor up to 5 T. This is again in disagreement 
with the NPD interpretation reported.  
Some other magnetization data even directly challenge the G-type AFM ordering (with or 
without canting) suggested by NPD. Butera et al. summarized: “it seems to be incompatible 
with magnetization measurements in several aspects: i) We have found a positive Curie-Weiss 
constant smaller than the ordering temperature indicating that the predominant interaction 
among Ru ions is FM. The G-type structure, in fact, requires AF interactions. ii) The low-
temperature magnetization, which is close to the saturation value, is not consistent with a 
small canting of the AF alignment. iii) EPR results show that there is a net magnetic field of ≈ 
600 Oe at the Gd site coming from the ordered array of Ru, whereas a cancellation of the Gd-
Ru interaction is predicted in a G-type-ordered AF.” 
Some of the FM aligned Ru-spins, which should add up to the macroscopic magnetization 
observed, seem to be missing in the NPD. The ZFNMR data appear to support this 
speculation. Both a signal-enhancement by a factor of about 100 and a shift to lower 
frequency with the external field were reported in a Ru-1212-Y sample [28]. Similar 
enhancements have also been observed in Ru-1212-Gd [28]. The authors, therefore, urged to 
conduct new detailed NPD experiments [40].  
The situation about the orientation of the ordered Ru-spins is similarly confusing. The 
NPD data suggest that the Ru moments are ordered along the c axis based on the intensity 
ratio between {1/2, 1/2, 1/2} and {1/2, 1/2, 3/2} lines, i.e. with the observed ratio of 2.5(4) 
compared to a calculated value of 2.2 in this direction. Both ZFNMR experiments [28, 40], 
however, show that the moments should be aligned within the RuO2 plane. The same 
conclusion has been reached by the FMR investigation of Ru-1212-Gd. The rather large 
magnetic anisotropy field of Hz ≈ 11 T from FMR is in contrast with the much smaller 
threshold of 0.4 T for the spin-flop observed in NPD [43]. The same question of whether NPD 
and NMR/magnetizations/FMR probe the same magnetic correlations, therefore, can be raised 
again. 
The magnetic structure of Ru-1222 is even more complicated. There is apparently more 
than one magnetic transition above Tc. Whereas the main low-H transition, defined by the 
large step-like increase of the field-cooled magnetization (MFC) with the sample cooling at H 
< 0.1 T, typically occurs below 100 K, an AFM-like transition at a much higher temperature 
of T1 ≈ 160-250 K is clearly detected in the high field differential susceptibility (Fig. 4) [42, 
47]. The interpretation that the bulk part of Ru-1222 is in an ordered AFM state seems to be 
supported by the MS data [3]. The MS of trace 57Fe in a RuSr2Gd1.4Ce0.6CuO10 sample close 
to T1 ≈ 180 K was interpreted as the result of a hyperfine field of 467 kOe at the Ru site, i.e. 
the Ru moments are ordered up to ≈ 2Tm. Moreover, two additional minor MFC steps appear in 
almost all reported magnetization data around 120 and 160 K, respectively [42]. Either several 
sequential AFM/FM transitions or nanoscale phase-separation should occur. In particular, the 
wide separation between low-H FM-like transition at Tm and the AFM-like transition at T1 
makes a simple canted AFM model less likely [42, 48]. 
It should be noticed that several data sets have been used to argue that the magnetic order 
in the rutheno-cuprates is homogeneous on a microscopic scale. One is the widely quoted ZF 
µSR data of Bernhard et al. [22]. However, the resolution of this experiment is rather limited. 
The random orientation of the grains (therefore, the random angle θ between the spontaneous 
magnetization and the muon spin) makes the internal field deducable only as an average. The 
authors, therefore, estimated that the resolution for the possible magnetization inhomogeneity 
<∆B>/B is no better than 20% with B ≈ 700 Oe. The diamagnetic field of a homogeneous FM 
magnet with a spontaneous magnetization of 800 emu/mole would be well within this range 
of uncertainty. In addition, the estimated resolution for minor magnetic species is only 20%. 
The possible phase separation can hardly be excluded by the µSR data, in our opinion. 
Another suggested evidence for magnetic homogeneity is the temperature dependence of the 
spin-lattice relaxation rate 1/T1 of the 101Ru ZFNMR line. The relaxation seems to be similar 
to that of 63Cu at 10 T, which should be dominated by the formation of the superconducting 
gap [28]. The authors, therefore, concluded that the aligned Ru-spins and the supercarriers in 
the CuO2 planes do coexist on a microscopic scale. The coexistence, however, is not 
necessarily the same as a homogeneous magnetic state. The Josephson-junction like 
superconductivity observed in these rutheno-cuprates suggests that the FM domains should 
have a dimension comparable to the proximity length of Cooper pairs if they serve as the 
tunneling junctions [35]. This geometric proximity may make the 1/T1 of 63Cu and 101Ru look 
similar, but still belong to different magnetic species. 
To accommodate these apparent discrepancies in the reported data, we investigated the 
magnetizations of both Ru1212 and Ru1222. Our data suggest that a mesoscopic phase-
separation between FM and AFM species occurs in both Ru-1212 and Ru-1222. 
 
3.1 Separable and Tunable AFM and FM Transitions 
The zero-field-cool magnetization (MZFC) and field-cool one (MFC) at 5 Oe of a Ru-1222-Eu 
sample (A) are shown in Fig 4. The Tm appears around 65 K with a transition width around 20 
K. Two additional transitions can be noticed at 120 and 150 K, respectively. To explore the 
magnetic signature of the AFM transition, the contributions from the Eu and CuO2 are 
subtracted from the differential susceptibility χ at 5 T and the dc magnetization at 1 T 
according to the procedure proposed by Butera et al. (Fig. 4) [41]. Both are in agreement 
above 200 K, and a Currie-Weiss (CW) fit has been made in this temperature range with the 
deduced Currie temperature and the Ru-moment of 80 K and 2.6 µB/Ru, respectively. The 
calculated differential 1/χRu follows the extrapolated Currie-Weiss (CW) fit (the solid line) 
rather well above 150 K. It, however, deviates to the higher value, i.e. a smaller 
magnetization, at lower-T and finally bends around T1 ≈ 120 K, a temperature still far above 
Tm (Fig. 4). However, the dc magnetization at 1 T is higher than the CW fit below 200 K. 
This non-linear H-dependence, in our opinion, is an indication of the existence of nano-
domains with FM correlations, a phenomenon widely discussed in CMR compounds [44]. It 
should be noticed that the suppression of the susceptibility caused by the aligned FM species 
is relatively small and cannot count for the AFM-like minimum. For example, the dc 
magnetization at 5 T and 100 K is only ≈ 0.3 µB/Ru, far smaller than the estimated Ru 
paramagnetic contribution of 2.6 µB/Ru. In contrast, the value of T⋅χ, i.e. a parameter 
proportional to the number of the paramagnetic spins, is only a quarter of that expected from 
the CW fit at 100 K. AFM spin-spin correlations may be the only reasonable interpretation to 
count for such large suppression, which is supported by the large hyperfine field observed in 
MS spectra [3]. The AFM and FM transitions, therefore, seem to occur at very different 
temperatures in Ru-1222, which challenge the simple canted AFM models proposed. 
It is interesting to note that a noticeable extrapolated zero-field magnetization appears 
even above T1, e.g. up to T1’ = 140 K in the Ru-1212-Eu sample with T1 = 120 K (Fig 5). This 
non-zero magnetization and the associated non-linear isothermal M(H), as will be discussed 
below, can be easily understood as embedded superparamagnetic species. The two additional 
transitions in the low-field MFC of Fig. 4 may have the similar origin. Their deposition from 
the otherwise AFM-correlated matrix reminisces the phase-separation widely observed in 
CMR, e.g. in La0.35Ca0.65MnO3 [44]. 
Felner et al. has previously identified the AFM transition of Ru-1222 with the non-zero 
extrapolated zero-field magnetization, our differential susceptibility data seem to provide a 
reasonable explanation, although the two temperatures are slightly different [48].  
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Fig. 4: The magnetization of Ru-1222 sample A. •: ZFC at 5 Oe; 6: FC at 5 Oe; 
(the two use the left side scale) o: the differential susceptibility at 5 T; ∇: 
dc susceptibility at 1 T (the two use the right side scale). 
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Fig. 5: The Tm ( ) and T1 (g) of (Ru1-xCux)Sr2EuCu2O8 as functions of x. The 
Tm (∆) and T1 (6) of the Ru1212Eu sample reported in Ref. [41] are also 
included. 
It should be pointed out that a similar situation is observed in Ru-1212, however, the 
temperature difference between Tm and T1 is far smaller than in Ru-1222. The rough 
agreement between the Tm ≈ 138 K and the T1 ≈ 145 K reported in a Ru-1212-Eu sample may 
only be a coincident [41]. Several (Ru1-xCux)Sr2Eu1.4Cu2O8 samples were measured by us to 
explore the issue. The Tm decreases with the x rather quickly (about 20 K with 0.1 Ru-
replacement) (Fig. 5). The T1, however, is insensitive to this doping with no more than 5 K 
decrease up to x = 0.1. The wide separation between the two transitions, therefore, exists even 
in Ru-1212 if the ferromagnetic interaction has been slightly suppressed (as evidenced by the 
lower Tm). It is also interesting to note that this correlation between Tm and T1 under the Cu-
Ru replacement of Ru-1212 is rather similar to that in Ru-1222-Eu with a Ce-Eu replacement, 
specially considering that T1’ and T1 are used for Ru-1222 and Ru-1212, respectively (Fig. 6) 
[48]. Ru-1212 and Ru-1222 seem to share the same basic magnetic structure, although the 
competing magnetic interactions seem to tend more to FM in Ru-1212. 
Only with such multistage transitions and possible phase-separation, in our opinion, the 
extremely broad Cp anomaly on the higher-T side in Ru-1212-Gd can be naturally 
accommodated with the narrow mean-field-like transition below Tm observed in NPD and 
NMR. 
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Fig. 6: Tm vs. T1 of: the Cu-doped Ru-1212-Eu (h, using the differential 
susceptibility to determine T1) and Ce-doped Ru-1222 of Ref. [48] (∇, 
using the non-zero extrapolated zero-field-magnetization to determine T1) 
 
3.2 Superparamagnetism in Ru-1212/Ru-1222 far Above Tm 
To further explore the magnetic states of these rutheno-cuprates, the isothermal M(H) was 
measured for Ru-1222-Eu (Sample A, Fig. 7) and a Ru-1212-Eu sample (Sample B, Fig. 8a, 
8b). The reversible non-linear M(H) is evident up to T1 or higher. Although H-dependent 
M(H)'s are a common phenomenon in magnets near Tm due to spin fluctuation, its appearance 
up to temperatures as high as 2*Tm is highly unusual. Spin fluctuations, H-induced rotation of 
the canting angle, and phase separations have been invoked to interpret the data [41, 42, 48, 
49]. Regardless of the microscopic mechanism (except for rotation of the canting angle of an 
AFM magnet), however, the spin-alignment under fields can always be treated as a 
competition between the thermal energy and magnetic energy.  
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Fig 7: The isothermal M(H) of the Ru-1222-Eu sample A. From top to bottom: 
60, 70, 80, 90, 100, 110, 120 130 and 140 K. The bottom thick line shows 
the non-linearity existing even at 140 K. 
 
This competition can be approximately described by the Langevin function, 
M = m0 [ctnh(µH/kBT) - kBT/µH] 
if the magnetic correlations can be truncated at some distance l and the FM spins are treated 
as isolated clusters (i.e. the interaction is much stronger than kBT within l but much weaker at 
longer distance), m0, µ and kB are the saturation moment, the average moment of individual 
clusters and the Boltzmann constant, respectively. It has been demonstrated that the 
deviations caused by the truncation, e.g. the interactions smoothly scaled with l in a second 
order transition, only underestimate the µ [50]. Typical spin-fluctuations and phase-
separation, therefore, can be identified by the value of µ, which should involve no more than 
the nearest neighbors in the case of fluctuations far above Tm.  
In the case of Ru-1212/Ru-1222, an additional linear term should be added to account for 
the paramagnetic contribution of Gd. It is interesting that the fits (solid lines) are so good for 
both Ru-1212 and Ru-1222 over a broad temperature range (Figs. 8a, 8b). It is more 
remarkable that the estimated size of the correlated moments is about 300-2000 µB far above 
Tm, corresponding to magnetically correlated regions of 20-50 Å size assuming a moment of 1 
µB/Ru. This is decisively different from the case of Ni, a classical sample of critical 
fluctuation. The cluster size is comparable to the lattice parameters above 1.1 Tm there (Fig. 
9). 
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Fig. 8a: The isothermal M(H) of Ru-1212-Eu sample B with Tm = 130 K and       
T1 =160 K. Symbols: data, from the top to bottom: 110, 115, 120, 124, 
126, 128, 130, 132, 134, 136, 140, 150, 160 and 170 K. The lines are the 
fits of Langevin functions. 
 
The layered structure and the presumed 2D FM in Ru-1212/Ru-1222 have been often used 
to argue in favor of the critical fluctuation model. We disagree. Spin-fluctuations are 
essentially a competition between kBT and the magnetic energy, which is proportional to the 
spins coherently bound. The number of the bound spins, however, will be (ξ/a)3 in 3D but a 
much smaller value of (ξ/a)2 in 2D, there a and ξ are the lattice parameter and the correlation 
length, respectively. This is the root for the stronger fluctuation in 2D below Tm. Far above 
Tm, however, the smaller coherent volume in a 2D magnet can only make the M(H) more 
linear. In a second-order transition, in fact, it is widely accepted that the scaling equation can 
be written in a dimensionless form, 
(HM0/MH0)1/γ = (t-1)+(M/M0)1/β . 
t, γ, β, M0 and H0 are the reduced temperature T/Tm, two critical exponents and two critical 
amplitudes, respectively. The scaled susceptibility (MH0/HM0), therefore, is  
(MH0/HM0) = (t-1)-γ[1+(H/H0)1/β/(t-1)1+γ/β]-γ ≈ (t-1)-γ{1-γ[(H/H0)/(t-1)β+γ]1/β} 
in lowest order of H/H0. The H-dependence, hence, can only be observed at an H comparable 
to H0γ-β(t-1)β+γ, and should be suppressed with temperature as 1/(t-1)1+γ/β, i.e. determined by 
the critical exponents. The theoretical critical exponents depend on the dimensionality and the 
interaction range, they are β = 0.5 and γ = 1.0 in the mean field theory, β = 0.3 and γ = 1.3 in 
the 3D Heisenberg model, but β = 0.125 and γ = 1.75 in the 2D Ising model. 
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Fig. 8b: The isothermal M(H) of Ru-1222-Eu sample C with Tm = 65 K and T1 
=120 K. Symbols: data, from the top to bottom: 70, 80, 90, 100, 110, 120 
and 130 K. The lines are the fits of Langevin functions. 
 
Experimentally, the values of 1+γ/β range from 3 (some 3D magnets) to > 10 (quasi-2D 
magnets), i.e. 1+γ/β is even larger in 2D magnets. Non-linear M(H) may not be expected as a 
sole effect of lower dimensionality. An example is the quasi-2D ferromagnet La1.2Sr1.8Mn2O7. 
It has been demonstrated that the non-linear M(H) far above Tm in this compound is a result 
of mesoscopic phase-separations instead of dimensionality [51]. 
To verify the existence of superparamagnetic clusters, the magnetic relaxations were 
explored far above Tm. The field was increased to 5 Oe after the sample being zero-field-
cooled to the given temperature. A logarithmic increase of the magnetization with time was 
observed in both Ru-1212 and Ru-1222 above Tm. The time-dependent magnetization of a 
Ru-1222 sample, Sample C, with Tm ≈ 65 K, for example, is shown in the inset of Fig 10, and 
the decay rate in the main figure.  
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Fig. 9: The deduced cluster size of: •: Ru-1222-Eu sample A; 5 and 6: Ru-1212 
samples B and B’; ◊: Ni. 
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Fig. 10: The relaxation rate of MFC at 5 Oe of Ru-1222-Eu sample C. Inset: the raw 
data. 
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Fig. 11: The change of MFC(60 K) of Ru-1212-Gd sample D at various fields. g: 
0.53 Oe; i: 0.3 Oe; ♦: 3 Oe. 
 
 
The slow dynamics also appears as a function of the cooling rate of the samples. A Ru-
1212-Gd sample (Sample D), for example, was cooled at given fields from room temperature 
to 60 K with a rate ranging from 0.5 to ≈ 50 K/min (by dropping the sample directly into the 
pre-cooled chamber). The sample magnetizations were then measured 30 minutes after the 
temperature being stabilized at 60 K.  A decrease of the MFC with the increase of the cooling 
rate was observed (Fig. 11). The decrease can be up to 6 %, i.e. a significant amount of the 
spins can be aligned only after 10-100 sec close to Tm. The smaller dependence at higher 
fields again suggests that the cluster size is the origin of the slow dynamics. 
Combining the slow dynamics with the non-linear isothermal M(H), we estimated that 1-
10 % of the sample is in the form of  superparamagntic clusters above 70 K. This is a strong 
support for the phase-separation models. 
 
3.2 Evidences for a Spatial Correlation Between FM and AFM species 
To explore the spatial correlation between these different magnetic species, we measured 
the hysteresis caused by the demagnetizating fields of the 120 K/150 K FM species in Ru-
1222 [42].  It was observed that two additional step-like jumps and a main one appear in the 
MFC at 150 K, 120 K, and at Tm = 85 K, respectively, in a Ru-1222-Gd sample, Sample E. 
This is rather similar to that of Fig. 4. The 85 K FM species should nucleate, therefore, under 
the combination of the external field H and the demagnetizing fields of the 120 K/150 K 
species. The combined field, in turn, can be estimated by the difference, ∆MFC, between the 
MFC’s at 95 K and 60 K, since our early data demonstrate that MFC/H between 40 K and Tm is 
H-independent below 5 Oe. To enhance the effect of the demagnetizing fields the following 
experimental procedure was used:  
A (field-cooling under a fixed field of 10 Oe from 200 K to 105 K) - B (switching field 
from 10 Oe to a lower field of –1 Oe < HS < 1 Oe) - C (field-cooling under HS from 105 K to 
60 K) - D (raising the temperature under the same HS to 200 K) - E (field-cooling under HS 
from 200 K to 60 K).  
In the sequence of cooling and heating steps described above a significant hysteresis was 
observed (Fig. 12). In fact, the ∆MFC can even be negative under a positive HS. 
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Fig. 12: The magnetizations of a Ru-1222-Gd sample E with Tm = 85 K in 
procedure A-B-C-D-E at various HS (see text). 
 
 
The ∆MFC in step E, i.e. under a simple field cooling, is the linear function of HS through 
the origin, as expected (Inset, Fig. 13). The ∆MFC in the procedure C, however, intercepts 
with the H-axis at finite value (Hd ≈ 0.6 Oe in this case) although still being a linear function 
of HS (Inset, Fig. 13). It is only natural, therefore, to interpret the Hd as the demagnetizing 
field of the 120 K/150 K species [with their magnetizations taken as MFC(95 K)]. It is 
remarkable that all of the measured ∆MFC, i.e. in both procedures C and E, fit onto the same 
straight line of ∆MFC ∝ H-f⋅4πMFC(95 K) with f being an effective demagnetizating factor.  
The demagnetization field will be independent of the Ru-1222 particle size of diluted 
powders when the particle size is larger than the average distance between the adjacent FM 
species. It, however, should disappear when the particle size is smaller. Several powders with 
particle size down to 0.8 µm were made from Sample E, and the deduced demagnetizing 
fields of the 120 K/150 K species field-cooled under 10 Oe field are found to be size-
independent. This demonstrates that all these FM species are distributed uniformly at least 
down to the length scale of 0.8 µm, although the crystalline grain size observed under SEM is 
much larger (2-20 µm for the sample). We, therefore, attribute the FM species to mesoscopic 
phase-separations. 
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Fig. 13: The ∆MFC vs. the combination field H-f⋅4πΜ(95 Κ) for sample E.  
Inset: ∆MFC vs. H under procedures E (∇) and C (•). 
 
 
Another important result from the measurement is the universal value of f ≈ 0.36 ± 0.1 for 
all Ru-1222 samples we measured. After a geometric correction for the random orientation of 
the easy axis of the 120 K/150 K species, the microscopic demagnetizing factor fo, i.e. the 
ratio between the demagnetizing field “felt” by a 85 K species and the moment of the adjacent 
120 K/150 K species, should be 0.12 ± 0.03, as supported by our partially aligned powder 
sample. The small demagnetizing factor, which should be determined by the spatial 
correlation between the adjacent 120 K/150 K species and the 85 K species, suggests that the 
three types of species prefer to be aligned along their easy axis. This can occur only if the FM 
species occupy only a small part of the crystalline grains, a scenario of phase separation again. 
Based on the magnetization measurements, therefore, we conclude that the magnetic 
structure of these rutheno-cuprates has to be inhomogeneous on a microscopic scale.    
 
 
 
 
4. SUPERCONDUCTIVITY IN Ru-1212 AND Ru-1222 
 
4.1 The Underdoped Nature of the Superconducting State 
The existence of superconductivity was first documented by Bauernfeind et al. [1] in the 
Ru-1222 system based on resistivity and ac susceptibility measurements. The bulk 
superconductivity in Ru-1212, however, was questioned because of the lack of a clear 
Meissner signal in field-cooled magnetization experiments in the majority of 1212 compounds 
investigated by different groups (c.f. the extensive discussion in Section 1). The nature of 
Cooper pair formation and superconductivity is most likely to be similar to that widely 
discussed for many high-temperature superconducting cuprate materials, e.g. YBa2Cu3O7-δ. In 
particular, the structural similarity of YBCO and Ru-1212, as discussed in Section 2, is 
indicative for a similar mechanism of superconductivity in both compounds. More than a 
decade of research on high-Tc perovskites revealed a characteristic phase diagram and 
universal relations between normal-state transport properties, the onset of superconductivity 
(Tc), and the doping state (the average hole density p in the CuO2-planes) that are common to 
all high-Tc systems. Comparing all these characteristic quantities we will see that the Ru-1212 
and Ru-1222 cuprates are typical underdoped high-Tc systems. 
0 50 100 150 200 250 300
0
2
4
6
8
100 150 200 250
0 50 100 150 200 250
0
20
40
60
80
 
 
ρ (
m
Ωc
m
)
T (K)
dρ/dT 
 
Tm
 
 
S (µV/K)  
 
 
Fig. 14: Resistivity and Seebeck coefficient (lower inset) of RuSr2GdCu2O8. 
The upper left inset shows the derivative, dρ/dT, with a clear slope change 
at the magnetic transition temperature, Tm. 
 
The first indication of the underdoped nature of the superconducting state comes from 
transport measurements in the normal state. The resistivity, ρ, of a RuSr2GdCu2O8 sample is 
shown in Fig. 14. The magnetic transition at about 130 K is reflected in a sharp change of 
slope of the derivative, dρ/dT (upper left inset). Moreover, the resistivity below room 
temperature also shows the typical curvature that was observed in other underdoped high-Tc 
materials and was interpreted as the opening of the pseudo-gap. The strongest evidence for the 
low carrier density is the high value of the room-temperature Seebeck coefficient (lower inset 
in Fig. 14). For the RuSr2GdCu2O8 system the value of S(290 K) varies between 70 and 80 
µV/K [8, 24] and it was shown that it is almost independent of the conditions of synthesis, 
annealing etc. [8]. Adapting the empirical relation between S(290 K) and the hole density p 
that was shown to be valid for most high-Tc cuprates [52], 
S(290 K)=992 exp{-38.1 p} , 
the hole density in the CuO2 plane can be estimated as p ≈ 0.07. This value of the carrier 
density for the stoichiometric Ru-1212 appeared to be very rigid and could not be increased 
by optimizing the conditions of synthesis or by annealing in (high pressure) oxygen [8]. This 
indicates that in Ru-1212 the oxygen content is very close to 8 and cannot be varied at will to 
change the hole density (as e.g. in YBCO). This conclusion is also in agreement with the 
results of a thermogravimetric analysis [5]. The systematic change of carrier density in Ru-
1212 may be achieved by cation doping, e.g. by replacing Ru with Cu [53]. 
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Fig. 15: Seebeck coefficient of RuSr2(Gd0.7Ce0.3)2Cu2O10+δ. The curves show data for 
the as synthesized as well as for high-pressure oxygen annealed (20 and 300 
bar) samples. 
 
Thermoelectric power measurements on RuSr2(Gd,Ce)2Cu2O10+δ yield typical values at 
290 K of about 20 µV/K [29] corresponding to a hole density of p = 0.1. This value is 
distinctly larger than the carrier density in Ru-1212 but is still well below the optimal doping 
value of 0.16. Unlike the Ru-1212 system, the oxygen content (δ) in Ru-1222 can be modified 
by high pressure oxygen annealing resulting in an increase of the carrier density. This was 
clearly demonstrated by measuring the Seebeck coefficient and by measuring the oxygen 
content directly in gas effusion experiments [29]. As shown in Fig. 15, S(290 K) decreases 
systematically with annealing of the as synthesized sample in oxygen pressures of 20 bar and 
300 bar. However, the change of S(290 K) from 20 µV/K (as) to 11.5 µV/K (300 bar O2) is 
small corresponding to an increase of the hole density, p, by not more than 0.015.  
 
4.2 Inter- and Intra-Grain Superconductivity in Superconducting Ferromagnets 
The synthesis process described in Section 2 leads to the formation of powder or ceramic 
pellets of the rutheno-cuprates. Superconductive single crystals of Ru-1212 have been 
reported but the high density of defects/weaklinks suggested by the small ZFC diamagnetic 
signal severely limit their advantage [54]. Most granular high-temperature superconductors, 
however, exhibit a weak inter-grain coupling in the superconducting state resulting in a lower 
zero resistance temperature and large differences in the FC and ZFC diamagnetic signals. In 
particular, two well resolved steps in passing through the transition are frequently observed in 
susceptibility as well as the resistivity data. The onset of superconductivity is usually 
observed at Tc where the grains become superconducting. Different grains are coupled via the 
Josephson effect resulting in a phase coherence of the superconducting order parameter across 
the grain boundaries at a lower temperature Tp, the phase-lock temperature. 
 
20 40 60
0 50 100 150 200
-0.05
0.00
0.05
Tp
Tc
 
 
 
 
 
M
/H
   
(e
m
u/
cm
3 )
T (K)
 
Fig. 16: Magnetization data of RuSr2GdCu2O8 at an applied field of 7 Oe. FC and 
ZFC data are shown in the upper and lower branch, respectively. The inset 
is an enlargement of the ZFC data close to the superconducting transition 
showing the intra-grain critical temperature (Tc) and the inter-grain phase-
lock temperature (Tp). 
 
These features of a granular superconductor are clearly seen in the Ru-1212/Ru-1222 
compounds. Fig. 16 displays a typical example for RuSr2GdCu2O8. The ZFC dc susceptibility 
exhibits a strong diamagnetic drop at about Tp=30 K. The inset of Fig. 16 enlarging the data 
in the vicinity of the transition shows, however, that the diamagnetic decrease of χdc actually 
sets in at a higher Tc=44 K. The same two-step like drop is also detected in the real part of the 
ac-susceptibility. χ’ac measures the shielding signal of a bulk superconducting sample and 
should be compared to the ZFC χdc. Fig. 17 shows the ac susceptibility of another 
RuSr2GdCu2O8 sample with the magnified transition region in the inset. Although the 
characteristic temperatures are slightly different for this sample (Tp≈36 K, Tc≈43 K), the 
similarity to the ZFC χdc data of Fig. 14 is obvious. It should be noted that the intra-grain 
diamagnetic signal is extremely small for reasons that will be discussed in the next 
paragraphs. This typical behavior was observed for many different Ru-1212 as well as Ru-
1222 samples [7, 8, 29, 55, 56]. 
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Fig. 17: AC susceptibility of a ceramic RuSr2GdCu2O8 sample. The peak marks 
the magnetic transition temperature. The inset shows the details of the 
inter-grain (Tp) and intra-grain (Tc) superconducting transitions. 
 
The inter- and intra-grain superconducting transitions are expected to affect the resistivity 
at the transition since the electrical transport is sensitive to weak links across the grain 
boundaries. In fact, a broad resistive superconducting transition, sometimes well divided into 
two steps, has been observed in most transport investigations [7, 8, 34, 53, 55, 57, 58]. One 
example is shown in Fig. 18. The derivative, dρ/dT, clearly reveals the superposition of two 
peaks corresponding to the two resistive transitions observed at Tc (intra-grain) and Tp (inter-
grain). The magnetic field dependence of the resistivity is used to further verify the 
interpretation because the weak inter-grain links are supposed to be quickly suppressed by 
small fields. The resistivity data of Fig. 18 for low magnetic fields of 200 and 500 Oe show 
the expected dramatic decrease of the inter-grain Tp. The zero resistance state is strongly 
suppressed by the external field. All these observations can well be understood within the 
simple picture of intra- and inter-grain superconducting transitions in ceramic 
superconductors. 
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Fig. 18: Resistivity of RuSr2GdCu2O8 at the superconducting transition. The 
derivative, dρ/dT, clearly shows the superposition of two peaks 
corresponding to intra- and inter-grain transitions. The numbers indicate 
the magnitude of an external magnetic field in Oe applied during the 
measurement. 
 
 
To collect additional evidence for our interpretation of Tp and Tc we have conducted 
measurements of the ac susceptibility of sorted powders of Ru-1212/Ru-1222 samples with 
well-defined particle size [29, 58]. As discussed above, χac for a bulk granular sample shows 
two distinct steps (Fig. 17). For powders with particle size well above the grain size the two 
steps should still exist, but the inter-grain shielding signal will decrease with the particle size. 
If the particle size of the powder is comparable to or smaller than the grain size of the starting 
material the inter-grain diamagnetic signal will be completely suppressed but the intra-grain 
signal is expected to survive. Fig. 19 shows an example of the ac susceptibility for sorted 
powders of RuSr2GdCu2O8. The bulk sample, also shown for comparison, reveals the 
strongest inter-grain diamagnetic shielding signal. The grain size of this sample was estimated 
from scanning electron microscopy between 2 and 5 µm. The inter-grain shielding signal is 
largely reduced for the 40 µm powder and completely suppressed for powders with average 
particle size of 2.3 and 0.8 µm, i.e. smaller than the original grain size. The intra-grain 
transition, however, is detected also for the powdered samples with an unaltered Tc.  
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Fig. 19: AC susceptibility of sorted powders of RuSr2GdCu2O8. Tc and Tp are 
easily resolved. The inter-grain transition is completely suppressed for 
powders with an average particle size (2.3 and 0.8 µm) smaller than the 
original grain size (2 to 5 µm). 
 
 
It should be noted that the diamagnetic signals in χac (Fig. 19) appear on top of a 
paramagnetic background. This paramagnetic signal can be attributed to the magnetic 
moments of the Gd/Ru ions. It was shown that the Gd moments order antiferromagnetically at 
a far lower temperature of about 2.8 K [4].  
A similar analysis of the diamagnetic shielding signal of bulk and powdered samples on 
RuSr2(Gd0.7Ce0.3)2Cu2O10+δ led to analogous conclusions for the Ru-1222 system [29]. 
Apparently, the properties of the superconducting ferromagnets are affected to a large extent 
by the weakly coupled grains. This explains why in transport measurements the zero 
resistance temperatures reported by many groups scatter over a broad temperature range. A 
more detailed analysis how various conditions of sample synthesis and annealing procedures 
affect the grain-grain coupling as well as the intra-grain superconductivity was given in Ref. 
[8]. However, the foregoing discussion proofs that inter- and intra-grain transitions can well 
be separated in both, magnetic and transport measurements. This is a basic preposition to 
investigate the “intrinsic” properties of the superconducting state. In the following section, 
therefore, we focus our attention on the intra-grain superconducting properties of the rutheno-
cuprates. 
 
4.4 Effects of Magnetic Phase Separation on the Intra-Grain Superconducting 
Properties 
With the discussion of the magnetic structure and the conclusion of the appearance of 
phase separation into FM and AFM domains on a sub-grain nanoscopic scale (Section 3) it is 
expected that the intra-grain superconductivity exhibits exotic features that are not 
characteristic for a bulk superconductor. SC may well exist within the AFM domains. The 
coupling of the order parameter through the FM domains can consequentially be established 
via the Josephson effect resulting in a phase-lock transition and “bulk” intra-grain 
superconductivity over the whole grain. This scenario is quit similar to that discussed for the 
granular ceramic samples in the previous paragraphs. However, the characteristic length scale 
is different (sub-grain size) and the “intra-grain granularity” is of magnetic origin, i.e. 
separation between AFM (superconducting) and FM (non-superconducting) domains. 
To verify the physical model we focus onto the influence of a small external magnetic 
field on the intra-grain superconducting properties of Ru-1212 and Ru-1222. The magnetic 
penetration depth, λ, is an important characteristic quantity and can be deduced from ac 
susceptibility measurements of powdered samples. For a magnetically aligned powder of 
superconducting particles with diameter d the real part of the ac susceptibility is expressed as 
[59] 
χ’ = -3/(8π){1 - 6(λ/d)coth(d/2λ) + 12(λ/d)2} ≈ (1/500)(d/λ)2   ,   for  d<2λ . 
The formula basically presents a scaling relation expressing χ’ as a function of the 
reduced variable d/λ. It can be used to estimate the penetration depth λ from systematic 
measurements of χ’ of sorted powders. In randomly oriented powders a geometric correction 
factor of 1/3 has to be considered to take account of the SC anisotropy. Furthermore, the 
particle size of sorted powders usually spreads around an average value that was estimated in 
our experiments by averaging over the measured size distribution, d=[Σdi5/Σdi3]1/2, with di the 
diameter of an individual particle, where the largest particles found still being smaller than 2d. 
The above formula was verified using a standard YBa2Cu3O6.4 ceramic sample ground into 
powders with different average particle sizes between 0.75 and 2.1 µm [58]. The fit of χ’ to 
the formula yields λ=0.42 µm and Tc=42 K. The estimated penetration depth is in good 
agreement with literature data on YBCO and the Tc is close to the value of 40 K measured for 
the bulk sample. 
The same procedure was applied to RuSr2GdCu2O8. Since these materials show a 
magnetic background (Fig. 19) measures have been taken to estimate that background signal 
and to correct the χ’ accordingly. Fig. 20 shows the raw data of the ac susceptibility 
measurement. The magnetic background was estimated based on the 0.3 µm data (It was 
shown that the magnetic background was independent of the particle size [58] if the different 
powders were prepared from one and the same starting material). The intra-grain penetration 
depth was estimated as λ(0 K) = 3 µm. This value is unusually large compared with other 
bulk high-Tc materials, e.g. the YBCO sample used as a reference. However, the large λ is in 
accordance with the very small intra-grain diamagnetic signal (corresponding to about 0.2 % 
volume fraction) observed in all bulk samples. A natural explanation can be given by 
employing the phase separation model discussed above. Tc only represents the phase-lock 
temperature of a Josephson junction array (JJA) coupled through links between the AFM 
domains, if Ru1212 is not homogeneous on a nanoscopic scale because of the coexistence of 
AFM and FM domains. The intra-grain penetration depth may then be considered as an 
indirect measure of the (average) Josephson coupling strength. This physical picture can also 
explain the variations in Tc depending on subtle details of the materials synthesis [8]. Since in 
Ru-1212 the doping level is rather fixed (c.f. discussion in Section 4.1) the variance in Tc of 
different samples has to be related to the details of the magnetic nanostructure and the 
resulting JJA below Tc. In fact, extending the analysis described above to different 
RuSr2GdCu2O8 samples with Tc varying between 30 K and 40 K it was found that the 
penetration depth increased from 2-3 µm (Tc = 40 K) to > 6 µm (Tc = 30 K). This suggests a 
correlation between Tc and λ. This correlation can be understood within the picture of intra-
grain JJA’s. For smaller (average) Josephson coupling Tc is expected to be lower and λ will 
be larger.  
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Fig. 20: ac susceptibility of sorted powders of RuSr2GdCu2O8. The different 
symbols (top to bottom) mark data for d=0.3, 0.8, 1.5, 3, and 8 µm. The 
inset shows that the reduced ∆χ’/d2 fulfils the scaling relation with the 
solid line representing the formula using λ(0 K) = 3 µm. 
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Fig. 21: AC susceptibility of RuSr2EuCu2O8 in a dc bias field of 1000 Oe. The 
intra-grain superconducting transition temperature Tc is determined from 
the intersection of the two straight lines. 
 
To further support our physical picture of an intra-grain JJA we measure the magnetic 
field dependence of Tc using ac susceptibility as well as resistivity (ρ) experiments. The 
experiments are conducted using a ceramic sample of RuSr2EuCu2O8. The substitution of Gd 
by Eu reduces the paramagnetic background of Gd, and is beneficial for resolving the small 
intra-grain diamagnetic signal. The magnetic and superconducting transition temperatures of 
this compound are a few degree lower than the corresponding critical temperatures for 
RuSr2GdCu2O8 but the physical properties of the FM and SC states are very similar [7]. As 
shown before, Tc is well resolved in χ’ and ρ. In susceptibility measurements Tc is defined as 
the intersection point between the linear extensions of the high temperature signal and the 
intra-grain diamagnetic drop (shown in Fig. 21). A dc bias magnetic field up to 1 Tesla is 
applied. The intra-grain drop of the resistivity can be separated by a deconvolution of the two 
peaks observed in the derivative dρ/dT. In the example of Fig. 22 the deconvolution is 
demonstrated by fitting dρ/dT at 500 Oe to two Gaussian shaped peaks (dotted lines). The 
intra-grain Tc is defined by the 95 % drop of the intra-grain resistance (double arrow in Fig. 
22 b). 
The magnetic field dependence of Tc as obtained from both measurements (Fig. 23) shows 
a very steep decrease at low field (about 100 K/Tesla). This strong decrease of Tc(H) is not 
expected for a bulk, homogeneous superconductor. Ginzburg-Landau theory, for example, 
predicts a slower decrease for small fields and an opposite curvature over the whole 
temperature range (see inset of Fig. 23). 
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Fig. 22: Derivative of the resistivity at the superconducting transition. (a) Zero 
magnetic field. (b) H=500 Oe. Part (b) shows the superposition of the inter- 
and intra-grain peaks and the definition of Tc at the 95 % drop of the intra-
grain resistivity. 
 
 
The data of Fig. 23, however, show the typical field dependence of the critical temperature 
of a Josephson junction array of coupled superconducting domains. This is in further support 
of the phase separation model. Within this physical picture the thermodynamic 
superconducting transition in the AFM domains is expected at a temperature higher than Tc. 
Despite extensive efforts to search for an anomaly related to this thermodynamic transition in 
magnetic susceptibility experiments a convincing signature of it is still missing. However, 
transport measurements show that the drop of resistivity and of the Seebeck coefficient sets in 
at a slightly higher temperature than the estimated intra-grain Tc. This is best documented in 
the derivative dρ/dT shown in Fig. 14. Below the magnetic transition dρ/dT is a perfectly 
linear function of T over a wide temperature range (60 to 130 K). The deviation from linearity 
at the low-T side might be related to the onset of superconductivity in the AFM domains 
(inset in Fig. 14). Further work needs to be conducted to explore this matter in more detail. 
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Fig. 23: Magnetic field dependence of the intra-grain Tc of RuSr2EuCu2O8 as 
determined from resistivity (open triangles) and ac susceptibility data (closed 
circles). The inset shows the Ginzburg-Landau dependence for a bulk 
superconductor. 
 
From the foregoing discussions and from the observation that the critical temperatures for 
the onset of superconductivity in Ru-1212 and Ru-1222 compounds vary appreciably for 
different samples with the same nominal chemical composition there arises the question about 
the most relevant parameters determining Tc and the superconducting properties in these 
materials. Most high-Tc compounds follow the universal relation between Tc and the hole 
density p in the CuO2 planes: 
Tc = Tc,max [1 – 82(p-0.16)2] . 
Tc,max is the maximum Tc in the system at the optimal hole concentration of p=0.16. Since we 
have seen that in Ru-1212 the oxygen content and the hole density can barely be controlled by 
oxygen annealing we focus our attention onto the Ru-1222 structure in which doping and 
oxygen content can be controlled by annealing the samples in high-pressure oxygen 
atmosphere. Three samples from the same batch of RuSr2(Gd0.7Ce0.3)2Cu2O10+δ have been 
prepared for susceptibility and transport measurements. The first sample (A) was taken as 
synthesized, the second (B) and third (C) samples were annealed for 2 hours at 600 °C at 
oxygen pressures of 20 bar and 300 bar, respectively. The oxygen annealing results in an 
increase of the intra-grain Tc from 26 to 40 K (as determined from dc susceptibility as well as 
transport measurements) [29]. The carrier densities of these samples are calculated from the 
room temperature Seebeck coefficient (shown in Fig. 15) as: pA = 0.102, pB = 0.109, and pC = 
0.118. This is a very moderate increase of hole density by only 0.016 from sample A to C. To 
verify these values we have also estimated the change of the oxygen content with the O2 
annealing. Heating samples A and C to 800 °C in a gas-effusion cell the released oxygen was 
measured by both a pressure gauge and a mass spectrometer [60]. The estimated difference in 
the oxygen content between A and C of ∆δ ≈ 0.015 is in excellent agreement with the 
difference in hole density deduced from the Seebeck coefficients. 
The observed increase of Tc by 14 K can barely be explained as a sole carrier density 
effect. Using the numbers pA and pC with a value of Tc ≈ 40 K for sample C the expected 
difference of Tc between samples A and C would not be larger than 6 K (we used the 
universal formula relating Tc and p). Therefore, the change of carrier density induced by 
oxygen annealing cannot be the dominant factor determining the change of Tc. The 
enhancement of Tc from samples A to C is accompanied by a systematic increase of the 
diamagnetic signal in FC as well as ZFC dc susceptibility data [29]. For example, the drop of 
the magnetic moment, ∆MZFC, measured at 5 Oe increases from 0.15 (sample A) to 0.2 
(sample B) and to 0.3 emu/cm3 (sample C). This implies a change of the magnetic penetration 
depth, i.e. the increase of Tc and ∆MZFC is related to the increase of 1/λ2 (the superfluid 
density of a bulk superconductor). 
To verify the conclusion we measure the intra-grain penetration depth according to the 
same procedure applied to RuSr2GdCu2O8 (see above). The ac susceptibility of sorted 
powders of RuSr2(Gd0.7Ce0.3)2Cu2O10+δ was measured and λ was calculated from the particle 
size dependence using a regression procedure that includes geometrical corrections and a 
magnetic background contribution to χ’ (see [29] for details). With no arbitrarily adjustable 
parameter the regression allows to determine λ(T) within an estimated error of less than 30 %. 
Fig. 24 shows the results obtained for samples A and C. The zero temperature 1/λ2 of the as 
synthesized sample A (≈ 3.5 µm-2) is about twice the value of that of sample C (≈ 7 µm-2) 
indicating that the oxygen annealing effect on 1/λ2 is more pronounced than that on the carrier 
density p, i.e. intra-grain Josephson junctions play the dominating role. This view is further 
supported by the fast decrease of Tc if a small dc magnetic field is applied. The initial slope of 
Tc(H) is of the same order (about 100 K/Tesla) as discussed above for Ru-1212 (Fig. 23). 
We have treated a large number of Ru-1222 samples under different annealing conditions 
including pure argon and mixed argon + oxygen atmospheres and applied the same analysis to 
extract the 1/λ2 and Tc. The range of 1/λ2 extends from 0.3 to about 7 µm-2 with a Tc 
stretching from 15 K to 40 K. The large increase of 1/λ2 by a factor of more than 20 is 
significantly higher than expected from the change of both, p and Tc, and it deserves further 
attention. In principle, 1/λ2 may be affected by the normal state effective mass m* of the 
carriers, scattering resulting in pair-breaking of the Cooper pairs, and the intra-grain 
granularity discussed above (in the latter case 1/λ2 is determined by the Josephson coupling 
between the SC domains that can be sensitive to the annealing conditions). 
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Fig. 24: The intra-grain 1/λ2 for RuSr2(Gd0.7Ce0.3)2Cu2O10+δ before (A) and after (C) 
300 bar oxygen annealing. The inset shows the measured χ’ for powders 
made from sample C with particle size of 1.9 µm (ο), 1.3 µm (∇), and 0.9 
µm ( ). The solid lines are the fits to the data and the dashed line indicates 
the estimated magnetic background signal. 
 
The effective mass effect can be excluded since the room temperature resistivity of 
samples A and C shows only a minor difference. For an underdoped bulk high-Tc 
superconductor Uemura et al. [61] proposed that the critical temperature Tc is proportional to 
the superfluid density. This relation (Uemura-line) appears to be universal and was also 
shown to hold for Zn substituted high-Tc superconductors where Tc decreased due to pair-
breaking effects [62]. In Fig. 25 we plot 1/λ2 versus Tc. Obviously, the data for our Ru-1222 
samples do not fit to the Uemura-line but lay all far left/above the proposed universal line. 
The data are comparable with our results for Ru-1212 where samples with penetration depths 
as large as 3 µm still have a Tc > 20 K [58]. This provides strong evidence that the differences 
in 1/λ2 are not generated by pair-breaking mechanisms. Although Tc still increases linearly 
with 1/λ2 the distinct offset from the Uemura-line provides compelling evidence that the intra-
grain superconducting state cannot be considered as “homogeneous”. This is in favor of our 
suggestion that the SC state within a grain is more likely described by a JJA of coupled SC 
sub-grain domains. The Tc of a JJA is proportional to the coupling energy of a junction. The λ 
of the junction may depend on the junction length but the Tc does not. Therefore, a 
comparably large phase-lock Tc can coexist even with a long λ (or a small value of 1/λ2). 
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Fig. 25: Tc vs 1/λ2 at 5 K for several annealed samples of RuSr2(Gd0.7Ce0.3)2Cu2O10+δ.    
Solid line: Uemura-line. 
 
 
4.5 Competition Between Superconducting and Ferromagnetic States 
One of the big puzzles in the superconducting ferromagnets is the coexistence of both 
antagonistic states over a wide temperature range. Therefore, the question arises if FM and SC 
compete with one another or if there is no mutual interference. Based on muon spin rotation 
experiments it was suggested that the magnetic moments are not affected by the onset of 
superconductivity in Ru-1212 below Tc ≈ 45 K [24]. However, experiments on chemical 
substitution (doping) of Ru-1212 show that Tc and Tm are changed in an opposite way. 
Decreasing the hole density by partially replacing Gd with Ce [63] or Sr with La [64] results 
in a decrease of Tc (with an ultimate suppression of superconductivity) and an increase of the 
FM transition temperature. This observation is in line with the fact that the magnetic transition 
temperature for non-superconducting Ru-1212 is a few degree higher than that of 
superconducting samples [53, 65]. These results may be an indication of competition between 
FM and SC states. However, the chemical substitution affects several parameters 
simultaneously. Besides the change of carrier density it may also introduce disorder, reduce 
the magnetic coupling in the RuO2 layers, and cause changes of the microstructure. 
The use of thermodynamic variables to tune the FM and SC states appears to be 
interesting because it usually does not change the chemistry of the compounds. We, therefore, 
decided to use hydrostatic pressure to investigate its effect on the intra-grain 
superconductivity and on the ferromagnetic state of RuSr2GdCu2O8. As shown above, both 
transition temperatures (Tc and Tm) can well be determined from resistivity as well as ac 
susceptibility measurements (see Figs. 14, 17, 18, 22). The two transitions were investigated 
at pressures up to 2 GPa by measuring simultaneously the real part of the ac susceptibility and 
the resistivity. A dual coil system was mounted to a ceramic pellet of RuSr2GdCu2O8 and four 
platinum wires were attached to the sample for resistance measurements. Both, χ’(T) and 
ρ(T), were measured in parallel employing the resistance and mutual inductance bridge LR 
700 (Linear Research). Hydrostatic pressure was generated in a beryllium-copper piston-
cylinder clamp. The sample was mounted in a Teflon container filled with a 1:1 mixture of 
Fluorinert FC70 and FC77 as a pressure-transmitting medium. The pressure was measured in 
situ at about 7 K by monitoring the shift of the superconducting transition temperature of a 
small piece of high purity (99.9999 %) lead. The temperature was measured by a 
thermocouple inside the Teflon pressure cell as well as a germanium resistor built into the 
BeCu clamp close to the sample position. 
It is particularly important in this experiment that we can separate the inter- and intra-
grain SC transitions in order to discuss the “intrinsic” pressure effect. There is an additional 
contribution to the pressure coefficient of the inter-grain critical temperature (Tp) due to the 
fact that pressure naturally compresses the polycrystalline sample and, therefore, improves the 
grain-grain connectivity resulting in an increase of the inter-grain Josephson coupling. This 
effect is not “intrinsic” and should not interfere with the intra-grain shift of Tc. Since we have 
shown that Tp and Tc are well distinguished in our experiments the application of pressure can 
be used to reveal any correlations between the intra-grain superconductivity and magnetism. 
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Fig. 26: Pressure dependence of Tc estimated from χ’ (∆) and ρ (o) and Tp (•). 
 
The pressure dependence of Tc and Tp is shown in Fig. 26. The pressure coefficients of Tc 
of 1.02 K/GPa and 1.06 K/GPa as obtained from χ’ and ρ, respectively, are in excellent 
agreement. The small offset between the two data sets is due to the different criteria to 
estimate Tc from χ’ and ρ. The larger pressure shift of the inter-grain phase-lock temperature, 
dTp/dP = 1.8 K/GPa reflects the abovementioned pressure-induced improvement of the grain-
grain contacts. The pressure shift of the magnetic Tm (Fig. 27), dTm/dP = 6.7 K/GPa, is 
distinctly larger than that of Tc. Comparing the relative enhancements, dlnTc/dP = 0.025 GPa-1 
and dlnTm/dP = 0.054 GPa-1, it becomes obvious that the magnetic Tm increases about twice 
as fast with P as the superconducting Tc.  
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Fig. 27: Pressure dependence of the ferromagnetic transition temperature, Tm. 
 
 
For a further exploration of the pressure effect in Ru1212 we compare the pressure 
coefficient of Tc with that of other high-Tc compounds in a similar doping state. Ru-1212 is a 
typical underdoped material with a hole concentration of about 0.07 (see discussion in Section 
4.1). The pressure coefficients of other underdoped cuprates were recently estimated for a 
number of different compounds, e.g. La2-x(Sr,Ba)xCuO4 [66], La2CuO4+δ [67], YBa2Cu3O7-δ 
[68], or YBa2Cu3-xMxO7-δ [69], and typical values ranging from 3 to 4 K/GPa or even higher 
were reported. This number can be considered as a universal value for underdoped cuprates. 
The equivalent value for Ru-1212 of only 1 K/GPa is at least 3 to 4 times lower than the 
pressure coefficient expected in the particular doping state. This unusually small dTc/dP of 
RuSr2GdCu2O8 leads us to the conclusion that it is primarily an effect of the enhancement of 
the FM order by pressure. It is then an immediate consequence of an apparent competition of 
the FM and SC phases. Due to this competition the stronger enhancement of the magnetic 
phase results in a reduced (as compared to other high-Tc compounds) pressure effect on Tc. 
This effect can be understood within our physical picture of intra-grain FM and AFM phase 
separation. The P-induced increase of Tm indicates an enhanced ferromagnetic exchange 
interaction in the non-superconducting FM domains. This will result in a reduced Josephson 
coupling between the superconducting (AFM) domains and a relative reduction of the intra-
grain Tc. The intrinsic pressure effect on the intra-grain superconductivity is, therefore, 
reduced to the small value of 1 K/GPa observed in our experiments. Our high-pressure 
experiments provide additional indirect support for the explanation of the intra-grain 
superconductivity as the phase-lock transition of a JJA that originates from the magnetic 
phase separation into AFM and FM domains. 
 
 
5. SUMMARY 
 
The magnetic and superconducting properties of a class of newly discovered compounds, 
superconducting ferromagnets, have been extensively investigated. Magnetic susceptibility 
measurements (dc and ac) as well as electrical transport experiments (resistivity and 
thermoelectric power) were employed to understand the unusual magnetic and 
superconducting properties and, in particular, the coexistence and competition between these 
antagonistic states of matter. 
We conclude that in both ruthenium based high-Tc structures, Ru-1212 and Ru-1222, the 
magnetic order is very complex and shows the typical signatures of phase separation into anti-
ferromagnetic and ferromagnetic domains on a sub-grain scale. Accordingly, the intra-grain 
superconductivity in these compounds is understood as a phase-lock transition between 
superconducting and anti-ferromagnetic domains with a weak Josephson like coupling across 
the ferromagnetic (but non-superconducting) domains. The exotic and yet not well understood 
properties of the superconducting state can be explained by the model. For example, the 
extremely small diamagnetic signal, the small and sometimes missing Meissner signal, the 
large intra-grain penetration depth, the unusual magnetic field dependence of the intra-grain 
Tc, and the pressure effects on the magnetic and superconducting states can be explained 
within the physical picture described above and lend strong support to the model of magnetic 
phase separations appearing in superconducting ferromagnets. 
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